Abstract-We investigated the loss modulation effect on the second-harmonically mode-locked erbium-doped fiber laser based on the Sagnac loop reflector with a Y-branch LiNbO 3 phase modulator. We found that even a small loss modulation originating from the phase modulator could cause severe peak power difference between two output pulses in a modulation period. It was also found that the peak power difference was sensitively dependent on the modulation frequency. By numerical simulation, we quantitatively analyzed the relation between the peak power difference and the amount of loss modulation, which agreed well with the experimental results.
Abstract-We investigated the loss modulation effect on the second-harmonically mode-locked erbium-doped fiber laser based on the Sagnac loop reflector with a Y-branch LiNbO 3 phase modulator. We found that even a small loss modulation originating from the phase modulator could cause severe peak power difference between two output pulses in a modulation period. It was also found that the peak power difference was sensitively dependent on the modulation frequency. By numerical simulation, we quantitatively analyzed the relation between the peak power difference and the amount of loss modulation, which agreed well with the experimental results.
Index Terms-Fiber lasers, laser modelocking, laser theory, optical Losses, optical modulation.
I. INTRODUCTION
A CTIVELY mode-locked erbium-doped fiber lasers are potentially important in high speed optical communication systems since they can generate transform-limited short pulses at a very high repetition rate. Most of these lasers utilize harmonic modelocking and are, therefore, possibly subject to gain competition between supermodes, which results in pulse power fluctuations and/or pulse dropouts [1] . Not only in communications, but also in sensor systems, mode-locked fiber lasers have been used in various ways [2] - [5] . The mode-locked fiber laser gyroscopes [3] , [4] and the direction-switched fiber laser gyroscope [5] also utilize modelocking of neodymium-or erbium-doped fiber lasers that emit two pulses in a modulation period. In these laser sensors, rotation-dependent time interval between two pulses or their beat frequency is used to measure the rotation rate. In some cases, however, the two pulses have been found to have different peak powers, which can severely deteriorate the performance of the sensors [4] , [5] . An ideal second-harmonically mode-locked laser should have two evenly spaced identical pulses in a cavity because the two pulses share the total cavity gain equally. However, if there exists any mechanism that makes the two pulses experience different total cavity losses, their peak powers can be different from each other. The peak power difference between two pulses will be dependent on the amount of loss difference and can induce serious degradation in the performance of sensor systems as well as communication systems. Therefore, it is important to find the relation between the amount of loss difference and the peak power difference both theoretically and experimentally. In this paper, we report on the effect of loss modulation, originating from an intra-cavity LiNbO phase modulator, on the second-harmonic modelocking of an erbium-doped fiber laser based on a Sagnac loop reflector, whose configuration is similar to that in [4] . We analyze the relation between the difference in pulse peak power and the amount of loss modulation quantitatively using a simple calculation model, and then the analysis results are compared with the experiment.
II. EXPERIMENTAL OBSERVATIONS

A. Laser Configuration
The schematic of the second-harmonically mode-locked erbium-doped fiber laser under investigation is shown in Fig. 1 . The laser is composed of a Sagnac loop reflector and a linear section in which an Er-doped fiber is used as a gain medium. The reflectivity of the Sagnac loop reflector is modulated with a phase modulator by modulating the phase difference between the counterpropagating waves in the loop. When the modulation frequency is the same as the frequency spacing of the longitudinal modes of the laser, a second-harmonic amplitude modulation (AM) modelocking takes place as the modulated reflectivity of the Sagnac loop reflector has two main peaks during a period of the phase modulation. Note that we are considering only small values for the amplitude of phase modulation ( ). 
Its operating principle and applications can be found in the previous literature [3] , [4] . In the experiment, 2 m of erbium-doped fiber ( 900 wt ppm) was used as a gain medium, which was pumped by a 980-nm LD. A fiber Bragg grating with a linewidth of 0.1 nm at the center wavelength of 1549 nm was used as a mirror of the laser cavity. The Sagnac loop reflector consisted of a push-pull type Y-branch LiNbO phase modulator, which is an integrated-optic gyro chip, and 10 m of polarization-maintaining fiber (PMF). The PMF was introduced because the integrated-optic waveguide in the LiNbO phase modulator guided only one polarization state. A directional coupler (20:80) was used for output coupling. A polarization controller was inserted in the linear section. The total round-trip length of the laser cavity was about 20 m. We matched the length of the linear section ( m) with the half of the loop length ( m) and modulated the LiNbO phase modulator sinusoidally at the resonant frequency of the laser cavity to achieve the second harmonic AM modelocking.
B. Observation of Peak Power Variation
The output of the laser was an optical pulse train with two pulses per round-trip time of the light in the laser cavity. First of all, we observed that the two pulses within a period had different peak powers depending on the accuracy of the length-matching mentioned above. If the length matching is perfect ( ), the modelocking frequency would be the same as the proper frequency of the Sagnac loop , where is the speed of light and is the refractive index. If the length matching is not perfect ( ), becomes different from . Fig. 2 shows the output pulse patterns with different modelocking frequencies and various driving voltages applied to the phase modulator. The length of the loop was fixed and the proper frequency was MHz. The modelocking frequency was adjusted again whenever the length of linear part was changed. Fig. 2(a) is the output pulse pattern of the laser when the modelocking frequency is slightly lower than the proper frequency; that is, . Fig. 2 (b) and (c) are the cases for and , respectively. The observed peak power of pulse 1 was higher than that of pulse 2 if , while the peak power of pulse 1 was lower than that of pulse 2 if . The two pulses had approximately the same peak power when . As the voltage applied to the phase modulator increased, the peak power difference became greater. Here, we attribute this peak power difference mostly to the loss modulation in the LiNbO phase modulator. It has been known that a small loss modulation can take place in the commercial LiNbO phase modulator due to the modulation of mode-field diameter caused by the index modulation [6]. Moreover, the amplitude of the loss modulation will grow when the applied voltage increases. This loss modulation makes the two pulses experience slightly different reflectivities at the Sagnac loop reflector and the resultant peak power difference can be considerably large through the lasing action.
III. THEORETICAL ANALYSIS
A. Reflectivity of the Sagnac Loop Reflector
We calculated the reflectivity of the Sagnac loop reflector to obtain the amount of loss difference between two mode-locked pulses (pulse 1 and 2 in Fig. 2 ). Fig. 3(a) shows a schematic of the Sagnac loop reflector used for the calculation. Because the LiNbO phase modulator is a push-pull type, the phase modulation and the residual loss modulation occur in both arms of the waveguide. The modulations in the two arms are 180 out of phase with each other. The phase modulations , and the loss modulations , can be expressed as (1) where and are the parameters representing the normalized differences between the phase modulation amplitudes and the loss modulation amplitudes of the two arms, respectively, and and are their average values.
Suppose that an input light of unit intensity is launched into the Sagnac loop. The complex amplitudes of clockwise (cw) and counterclockwise (ccw) propagating lights at the output of the loop, and , can be written as (2) where the phases of cw and ccw propagating lights are , , and their amplitudes are , . In the above equations, is a constant ( 0.1 in our experiment) corresponding to the reflectivity of the Sagnac loop reflector when no driving voltage is applied to the phase modulator and is the transit time of the loop. We define the reflectivity of the Sagnac loop reflector as , where is a function of time when the driving voltage is applied. If the modulation frequency is close to the proper frequency , that is , can be approximated as (3) where is the length-mismatch factor defined as . Fig. 3(b) shows an example of the calculated reflectivity variation during a period. In the figure, the amplitude of the loss modulation is much exaggerated to visualize the reflectivity difference of the two peaks. There are two instants that yield two peak reflectivities ( , within a period of , where two mode-locked pulses are generated. From (3) , and can be obtained as
Here, we can define the normalized reflectivity difference as follows:
From the above equation, we can see that is linearly proportional to , , and . Here, and are the parameters related to the loss modulation in the phase modulator. In most cases, will grow if the voltage applied to the modulator increases. If the length matching is perfect, i.e., , then . In addition, changes sign when varies through . This explains the peak power variations that are dependent on the length mismatch, as we observed in the experiment. It should be noted that is a parameter implying the loss difference experienced by the two mode-locked pulses.
B. Normalized Population Inversion Difference Versus Normalized Peak Power Difference
The unwanted loss modulation occurring in the phase modulator makes the two mode-locked pulses experience different total cavity losses. It means that they also have different total cavity gains to satisfy the lasing condition. It has been known that erbium-doped fiber amplifiers (EDFAs) have very slow gain dynamics, that is, the characteristic gain saturation and recovery time are within the range from 0.1 to 1 ms for typical operating conditions [7] . Since the two mode-locked pulses in our laser have a time interval of about 50 ns that is much shorter than the characteristic recovery time of the EDFA, they should not have very different gains. As a result, even a very small loss difference can induce severe peak power difference in the output of the laser. Not only that, but if the loss difference between the two pulses is larger than a certain value, the pulse having higher loss cannot survive any longer. Thus, we need to understand the gain dynamics of the laser in order to predict the peak power difference for any given loss difference.
We used the following analytical solution of the atomic rate equations of an EDFA, which was suggested in [8] to simulate the gain dynamics of the laser in the presence of small loss modulation. The purpose of the simulation was to find the population inversion difference corresponding to the peak power difference . The characteristic time constant is , in which is the fluorescence lifetime of the upper level, and , are signal and pump power normalized by each saturation power. Here, the normalized population in the pump level was ignored because the fluorescence lifetime of the pump level is much shorter than that of the metastable level.
We applied above equations to our laser system by assuming the mode-locked pulses had square envelopes. We simulated the case of an EDFA with the input of a sequence of alternate two square pulses with different peak powers as shown in Fig. 4 . Two pulses with the same pulse duration (but with different peak powers) in a period are incident by turns on the EDFA. The time interval between them is assumed to be a constant, . After many periods of the pulse sequence, the population inversion converged to its steady-state value. For convenience of the analysis, we defined the normalized peak power difference between two pulses as (7) where , are the normalized signal peak powers of pulses 1 and 2, respectively. Then, and can be written as and , where is the normalized average power (averaged over the entire period ). Similarly, the normalized population inversion difference was also defined as (8) In (8), ( 1, 2) is the average of the normalized population inversion of each pulse (1, 2) , where the average is taken over each pulse's duration.
In the simulation, the characteristic time constant of the EDFA was assumed to be 10 ms. Other simulation parameters such as ns, ns, , and were obtained from the measurement. To determine and , we evaluated the saturation powers for the signal and the pump. To evaluate the saturation powers, we measured the transmission functions of the EDFA at signal and pump wavelength and fitted them to the equation where is the saturation power, the loss coefficient, and the length of the EDF [9] .
Simulation results are shown in Fig. 5 . Fig. 5(a) shows the steady-state population inversion during a period in the case of . The solid line is the population inversion and the dashed one is the normalized peak power. Notice that the scale in horizontal axis is not linear to visualize the variation of population inversion within the pulse duration. In Fig. 5(b) , the normalized population inversion difference is shown as a function of the normalized peak power difference . From this figure, we can find the following linear relation between and (9) where for our laser. In general, the proportional constant depends on the simulation parameters such as the repetition rate, pulse duration, and normalized peak powers.
C. Normalized Population Inversion Difference Versus Normalized Reflectivity Difference
The relation between the normalized population inversion difference and the normalized reflectivity difference was obtained from the steady-state lasing condition where the round-trip gain equals the round-trip loss in the laser cavity. In our laser, the two pulses in a period experience different reflectivities of the Sagnac loop reflector and . If we assume that the reflectivity difference is very small, and can be approximated by and , respectively. Then the steady-state lasing condition can be written as for pulse 1 for pulse 2 (10) where is the round-trip cavity transmission without loss modulation and is a constant that makes round-trip gain. The above equations imply that the pulse with higher reflectivity has a lower gain (i.e., smaller average population inversion) at the steady state. In case that the two pulses experience the same reflectivity, then the above two equations become identical as in conventional steady-state lasing condition. From (8) and (10), the following relation was obtained:
By combining (9) and (11), we obtained a linear relation between the normalized peak power difference and the normalized reflectivity difference as (12) where is the constant determined in (9). By substituting (5) into (12), we finally have (13) From (13), we can see that just like , the normalized peak power difference between two pulses, , is linearly proportional to loss modulation parameters and , and the length-mismatch factor . Thus, we can conclude the normalized peak power difference for any given experimental conditions can be predicted from (13), if the modelocking frequency and loss modulation parameters in the LiNbO phase modulator are known.
IV. COMPARISON BETWEEN EXPERIMENT AND THEORETICAL ANALYSIS
A. Parameters Determined From Experiment
We measured the loss modulation parameters and which is a function of the modulation driving voltage . Fig. 6(a) shows the schematic for loss modulation measurement. An input light of intensity was launched into the Y-branch LiNbO phase modulator and the intensities at two output ports, and , were measured. When a sinusoidal driving signal with peak-to-peak voltage is applied to the modulator, and can be expressed as , . Using these equations and measuring and for various applied voltages, we obtained and . Fig. 6(b) shows the measured as a function of in volt at 100 KHz. It should be mentioned that was found to be independent of the modulation frequency and we performed the measurement at 100 kHz instead of the usual modulation frequency of 10 MHz for convenience. Experimental data were fitted to a polynomial function, which resulted in and . Note that is very small quantity and is not linearly proportional to .
We obtained other parameters such as average phase modulation amplitude V and the proper frequency MHz by analyzing the temporal reflection pattern from the Sagnac loop reflector with a continuous-wave light as an input. When we measured the proper frequency, we used the fact that the reflection pattern is flat in time if the modulation frequency is 2 . With the parameters above, the normalized reflectivity difference and the normalized peak power difference were calculated from (5) and (13).
B. Comparison of Experimental Results With Theoretical Expectations
We measured the normalized peak power difference for various applied voltages and different modelocking frequencies, i.e., different lengths of the cavity. We varied only the length of the linear part of the laser cavity in order to fix the proper frequency of the Sagnac loop. Then the measured results were compared with the predictions from (13), as shown in Fig. 7 . The dots are the results from experiment and the solid lines are the ones expected from (13). Fig. 7(a) is the plot of as a function of modulation voltage for different modelocking frequencies that are directly related to the length-mismatch factor. We can see from Fig. 7(a) that the experimental results agreed well with the theoretical expectations. The total cavity transmission that gave best fitting was 13 dB, which was reasonable when the losses in the components and at the splicing points were taken into account. We can find that the dependence of ( ) on the applied voltage is the same as that of when compared with Fig. 6(b) . Even though the loss modulation amplitude or loss difference was very small, the two output pulses had quite different peak powers, for which the slow gain dynamics of EDFA must be responsible. As we can see from the results for MHz and MHz, only one of two pulses can survive when the absolute value of approaches 1 as the driving voltage is increased. It means that only one pulse can survive if the loss difference is larger than a critical value. In the case of MHz, this critical loss difference corresponds to the driving voltage of about 4 V. Generally, the critical loss difference will be a quantity depending on the pulse repetition rate, pulse duration, and normalized peak powers. Fig. 7(b) is the plot of as a function of length-mismatch factor for different modulation voltages, which is a rearrangement of Fig. 7(a) . In Fig. 7(b) , we can confirm that is linearly proportional to the length-mismatch factor at a fixed voltage.
V. CONCLUSION
We have studied both experimentally and theoretically the influence of loss modulation on the second-harmonically modelocked erbium-doped fiber laser based on the Sagnac loop reflector with a Y-branch LiNbO phase modulator (push-pull type). Small loss modulations take place in both branches of the LiNbO phase modulator and their amplitudes differ from each other in general. In our experiment, the average loss modulation amplitude was on the order of depending on the modulator driving voltage and the normalized difference between the two amplitudes was . Unless or , this loss modulation makes the two pulses traveling in the laser cavity experience different reflectivities, resulting in their peak power difference at the output of the laser. The normalized reflectivity difference , which can be interpreted as the loss difference, was found linearly proportional to the loss modulation amplitude and the length-mismatch factor of the mode-locked laser . Although is very small, it causes fairly large peak power difference due to the slow gain dynamics of the EDFA. We have also analyzed the gain dynamics of the laser. From the analysis, we have found that the normalized peak power difference is proportional to the normalized reflectivity difference , and therefore to and . The measured peak power differences for different experimental conditions agreed well with the theoretical predictions. It was also observed and theoretically confirmed that only one pulse could survive if the loss difference was greater than a certain critical value. We believe the results of our work will provide theoretical bases to minimize the unwanted peak power difference and to improve the performance of the mode-locked fiber laser sensors. The results could also be utilized in improving the quality of the harmonically mode-locked fiber laser sources for communication systems. In 1980, he joined the Electronics and Telecommunications Research Institute, Taejon, Korea, where he was involved in optical communication systems research and development. He has also worked on nonlinear fiber switch and grating filter based on two-mode fibers at Ginzton Laboratory, Stanford University, Stanford, CA, as a Visiting Scholar from 1987 to 1988. Since 1991, he has been with Chonbuk National University, Chonju, Korea, and is currently an Associate Professor in the Department of Physics. His research interests include fiber devices using active fibers, sources for gyroscope, and mode-locked fiber lasers. During 1979-1982, he was a member of the research staff at Korea Institute of Science and Technology (KIST), Seoul, Korea, where he worked on fabrication and characterization of optical fibers, fiber-optic gyroscopes, polarization-optical time-domain reflectometry, and precision laser interferometry. From 1985 to 1989, he was wtih Ginzton Laboratory, Stanford University, as a Research Associate and later as an Acting Assistant Professor in the Electrical Engineering Department. His main area of research was in fiber-optic devices for sensors and telecommunications including gyroscopes, sensor arrays, two-mode fiber devices, and acousto-optic components. In 1990, he joined the Department of Physics, KAIST, where he is currently a Professor. His current research interests include fiber-optic sensors and related components, fiber lasers and amplifiers, and optical signal processing. He has published more than 200 international journal and conference papers and holds about 40 U.S. patents.
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